Abstract Paliurus (Rhamnaceae) is a small genus with a narrow and disjunct distribution in East Asia and the Mediterranean. Fossil evidence from the Late Cretaceous to the present suggests it once had a broad geographic distribution, encompassing parts of India, North America, Asia, and Europe. To reconstruct the evolutionary history of Paliurus and understand the origin of the disjunction observed today in the Northern Hemisphere, phylogenetic and biogeographical reconstructions were performed based on ITS, trnL-F, and rbcL sequences. Paliurus is shown to be a monophyletic genus, which could be divided into two clades as suggested by previous studies. Biogeographical inference integrated with fossil information indicates that the origin and dispersal pattern of the genus coincide with the "Out-of-India" hypothesis. The genus may have originated in India or other parts of Gondwana and then dispersed to East Asia after the collision of the Indian subcontinent with Eurasia, and to North America via the Bering land bridge. Paliurus appears to have reached the Mediterranean region in the late Oligocene following closure of the Turgai Strait. The uplift of the Qinghai-Tibet Plateau and the advent of drying and cooling climates during the Miocene may have fragmented the distribution of the genus, shaping the biogeographical patterns observed today. Paliurus populations in different regions either became extinct or adapted to changes in local ecological conditions following global climatic shifts through geological time.
INTRODUCTION
The historical biogeography of the Northern Hemisphere has attracted the attention of botanists and biogeographers for decades (Donoghue & al., 2001) . A striking feature of the geographical distribution of plants in this hemisphere is the existence of closely related taxa that are disjunctly distributed in eastern Asia, Europe, and North America (Wen, 1999; Xiang & Soltis, 2001; Boufford & Spongberg, 1983) . The most common explanation offered for this distributional pattern used to be that it resulted from the fragmentation of a once more widely distributed mixed mesophytic forest during the mid-Cenozoic (Tiffney & Manchester, 2001; Milne & Abbott, been caused by long-distance dispersal (Wen, 1999) mediated by animals, ocean currents and winds (Renner, 2004; Nie & al., 2005) .
Despite the different mechanisms hypothesized to explain current intercontinental disjunction, previous studies generally assumed that taxa showing such disjunct distribution originated in Laurasia (Wen, 1999; Milne & Abbott, 2002) . However, some plants that are now distributed in the Northern Hemisphere may have originated in the Southern Hemisphere, i.e., Gondwanaland (Conti & al., 2002; Rutschmann & al., 2004; Dutta & al., 2011) . Biotic exchange between Laurasia and Gondwana could have occurred via long-distance dispersal (Givnish & al., 2016) or via links provided by islands, land bridges and geological movements during the late Cretaceous and Cenozoic (Morley, 2003; Chatterjee & Scotese, 2010) . Floral and faunal exchange between Laurasia and the Gondwanan fragments could have occurred between Eurasia and Africa due to the (Africa-)Arabia-Eurasia collision during the Neogene (Yu & al., 2014) , between North America and South America via the Isthmus of Panama link during the Miocene (Cody & al., 2010; Bacon & al., 2015) , and between the Asian continent and Australia via islands of southeastern Asia from the Oligocene onwards (Morley, 2003) .
In addition, India may also have played a significant role in biotic exchange between Laurasia and Gondwana. According to the "Out-of-India" hypothesis (Karanth, 2006; Datta-Roy & Karanth, 2009) , some Asian biotic elements may have an ancient Gondwanan origin and reached Asia (55 Ma) by "rafting" on the Indian subcontinent after the breakup of Gondwana (Mani, 1974; McKenna, 1995; Briggs, 2003) . The geological history of India, including its split from other parts of Gondwana, northward journey, and eventual collision with Eurasia, has been well documented (Briggs, 2003; Ali & Aitchison, 2005; White & Lister, 2012; Bouilhol & al., 2013) . India-Madagascar separated from East Africa during the Jurassic period, then India split from Madagascar around 96-84 Ma, and finally collided with Eurasia around 55 Ma (Brigg, 2003) . The collision between India and Eurasia in the Paleocene resulted in closure of the Tethys seaway and uplift of the Himalayas, profoundly affecting the geography and climate of adjacent regions and even globally (Yin & Harrison, 2000; Guo & al., 2008) . This collision also provided opportunities for exchanges of Cenozoic flora and fauna between Asia and India. Many biotic elements from the subcontinent therefore presumably spilled into Asia and differentiated in the Cenozoic mountains of south China, Indo-China, Thailand, and the Malayan peninsula after the collision (Karanth, 2006) . Recently, studies on the origins of different animal lineages, including both invertebrates (Koehler & Glaubrecht, 2007) and vertebrates (Bossuyt & Milinkovitch, 2001; Chakrabarty, 2004) , have been interpreted as consistent with the "Out-of-India" hypothesis. Some botanical studies based on macrofossil evidence, palynological data, and fossil resin chemistry have also corroborated the hypothesis (Thomas & al., 2015) . However, evidence from molecular studies of plants is limited (Datta-Roy & Karanth, 2009; Thomas & al., 2015) .
Paliurus Mill.
(Rhamnaceae) appears to be an ideal plant group for testing the "Out-of-India" hypothesis. Paliurus includes five extant species of deciduous and evergreen shrubs or small trees which produce winged drupes that can be dispersed by wind (Dong & al., 2015) . This genus displays a disjunct distribution pattern in East Asia and the Mediterranean region: one occurring in South Europe and West Asia, while all the others occur in East Asia (Schirarend & Olabi, 1994; Chen & Schirarend, 2007) (Fig. 1) . However, fossil evidence suggests that the genus had a broader distribution across the Northern Hemisphere during the Cenozoic era. As shown in Fig. 1 , fruit fossils of Paliurus have been recovered in deposits dating from the Middle Eocene to the Upper Miocene in North America, the Middle Eocene to the Pleistocene in Asia, and the Oligocene to the Pliocene in Europe. For details, see Burge & Manchester (2008) , and . Based on these findings, it has been postulated that the genus probably originated in North America and then dispersed to other parts of the Northern Hemisphere ( Burge & Manchester, 2008) . However, this proposed pattern is challenged by fossils recently found in an Upper Cretaceous deposit in central India (Manchester & Kapgate, 2014) . These new findings suggest a much older origin for the genus on the Gondwana fragment that is now India, providing support for the "Out-of-India" hypothesis.
Paliurus is a characteristic genus of the Rhamnaceae. However, its systematic position has long been debated, and various authors have assigned it to several different tribes of the Rhamnaceae, such as the Zizipheae and Rhamneae as described in detail by Schirarend & Olabi (1994) and references therein. Recent molecular and morphological phylogenetic analyses have assigned it to the tribe Paliureae within the Rhamnaceae (Richardson & al., 2000a (Richardson & al., , b, 2004 Burge & al., 2011) . This tribe contains three genera: Paliurus, Ziziphus Mill. and Hovenia Thunb. Ziziphus is usually considered to be the closest relative of Paliurus (Schirarend & Olabi, 1994) . However, based on an intrageneric taxonomic analysis it has been proposed that Ziziphus is paraphyletic in relation to Paliurus, which is more closely related to the Old World species of Ziziphus than to the New World species (Islam & Simmons, 2006 ). This proposal is also supported by recent molecular phylogenetic studies (Islam & Guralnick, 2015; Onstein & al., 2015; Onstein & Linder, 2016) which also suggested that the Paliureae are not monophyletic, and New World Ziziphus is sister to Paliurus + Hovenia + the Old World Ziziphus. In addition, a more recent analysis suggested that most species of the New World Ziziphus should be moved to Sarcomphalus P. Browne. (Hauenschild & al., 2016) .
To clarify the diversification history of Paliurus (and test the Out-of-India hypothesis), we reconstructed the phylogenetic relationships between extant species of the genus based on ITS, trnL-F, and rbcL sequences, and then estimated its biogeographical history by integrating fossil data with the phylogenetic results.
MATERIALS AND METHODS
Sampling and sequencing. -Eleven accessions representing all five species of Paliurus (including nine accessions from East Asia and two from southern Europe) and twelve species of Old World Ziziphus (covering ~10% of the clade diversity) were included in this study. New World Ziziphus (Sarcomphalus) (5 spp.) and Hovenia (all 3 spp.) were selected as the outgroups on the basis of previous research (Hauenschild & al., 2016) .
Sequence data were obtained from silica-preserved field collections or herbarium specimens and from GenBank (see Appendix 1, for details). Nuclear (ITS) and plastid (rbcL, trnL-F) gene regions were used to reconstruct the phylogeny of Paliurus. Total DNA was isolated using an Axygen Plant DNA extraction kit (Axygen Biosciences, Union City, California, U.S.A.). The selected DNA regions were amplified, following standard polymerase chain reaction (PCR) protocols (Kusukawa & al., 1990) , and sequenced using primers for the ITS (White & al., 1990) , trnL-F (Taberlet & al., 1991) and rbcL (Fay & al., 1998) regions.
Phylogenetic analyses. -Sequences were initially aligned with ClustalX v.1.83 (Thompson & al., 1997) , followed by manual adjustment using BioEdit v.7.0.5 (Hall, 1999) . All datasets were used to reconstruct phylogenetic relationships under maximum parsimony (MP) with PAUP v.4.0b10 (Swofford, 2002) and Bayesian inference (BI) with MrBayes v.3.1.2 (Huelsenbeck & Ronquist, 2001) .
The MP trees were estimated using heuristic searches of 1000 replicates with random stepwise addition using treebisection-reconnection (TBR) branch swapping. Bootstrap tests were performed with 1000 replicates using heuristic searches with simple addition and the TBR and MULPARS options implemented (Felsenstein, 1985) . For the Bayesian analysis, the best-fitting model of molecular evolution and parameters that best fitted each partition were determined by MrModeltest v.3.7 (Nylander, 2004) under the Akaike information criterion (AIC). The GTR + I + G model was determined by MrModeltest for both nuclear and linked plastid markers in the Bayesian analyses respectively. The Markov chain Monte Carlo (MCMC) algorithm was run for 10 million generations with four independent chains, starting from a random tree and sampling trees every 1000 generations. The convergence among chains was assessed in Tracer v.1.5 (ESS > 200) (Drummond & Rambaut, 2007) . We also used the online tool AWTY (Nylander & al., 2007) to check for stationarity. The first 10% of trees were discarded as burn-in, and a 50% majority-rule consensus tree was constructed using the remaining trees.
Molecular dating. -The combined nuclear and plastid datasets (one partition) was used to estimate the time of divergence of Paliurus in BEAST v.1.7.4 (Drummond & Rambaut, 2007) . BEAUti (within BEAST) was used to set criteria for the analysis, in which we applied a general time reversible (GTR) nucleotide-substitution model with Gamma + Invariant sites, gamma shape distribution (with four categories) and proportion of invariant sites. A lognormal relaxed molecular clock model and the Yule prior set were used to estimate divergence times and the corresponding credibility intervals. Two separate BEAST runs, each including 50 million generations, were performed with 10% burn-in and the trees saved every 1000 generations. The convergence between runs was checked in Tracer v.1.5 (Drummond & Rambaut, 2007) .
We selected fossil fruits as calibration points in the molecular dating analysis. Fossil fruits of Paliurus are known from numerous deposits in the Northern Hemisphere. Previous studies have grouped all these fossils into two or three extinct species: P. clarnensis Burge & Manchester, P. favonii Unger and P. microcarpa X.C.Li (which may be attributed to P. favonii) (Burge & Manchester, 2008; Han & al., 2016) . The characters of these fossil fruits largely match the extant members of the genus. These characters include indehiscent winged drupes with radiating venation, and receptacles with a pronounced rim, as described in detail by Burge & Manchester (2008) . Paliurus clarnensis was originally treated as the oldest record of this genus (44 Ma). However, a recent study has described an even older fossil fruit (~66 Ma) from the Cretaceous / Palaeogene (K / P) boundary in the Deccan Intertrappean beds of India (Manchester & Kapgate, 2014 ).
This newly discovered fossil Paliurus sp. was selected as the minimum age constraint of the stem age of extant Paliurus, because there is no particular character that allows us to attribute this fossil to any clade of extant species within the genus. A fossil winged fruit similar to Paliurus fruits assigned to a species named Archaeopaliurus boyacensis Manchester & al. (~68 Ma) has also been reported from Colombia (Correa & al., 2010) . However, this specimen lacks the diagnostic receptacular rim of Paliurus fruits (Burge & Manchester, 2008; Correa & al., 2010; Han & al., 2016) and has been treated as a separate morphogenus (Correa & al., 2010) . Therefore, we have not included this fossil in our molecular dating and biogeographical analyses.
Thus, the Indian fossil Paliurus sp. was selected as the unique constraint point for the stem age of Paliurus. A lognormal prior with offset at 66 Ma and a standard deviation of 1 Ma was used to constrain this node, including a 95% confidence interval of 66.21-71.73 Ma that includes the whole Maastrichtian era, as the time of origin of Paliurus might be earlier than 66 Ma.
Biogeographic analyses. -Fossils can inform us of where a taxon's ancestors were distributed in the past (Tiffney & Manchester, 2001) , and recent studies have demonstrated that incorporating fossil information in phylogeny-based biogeographical analyses (Nauheimer & al., 2012; Meseguer & al., 2015) can improve reconstructions of past events. This may be particularly relevant in cases (such as Paliurus) for which fossils have been found in regions where no modern representatives occur. For example, there are no extant Paliurus in North America, but numerous fossil Paliurus fruits have been found in this region. Similarly, although the genus does not occur in India today, some fossils with the diagnostic characters of modern Paliurus have been found there. It can therefore be essential to incorporate fossil information in biogeographic reconstructions of Paliurus (Meseguer & al., 2015) . To this end, in a manner similar to that of Xie & al. (2010) , Nauheimer & al. (2012) and Wood & al. (2013) , in this study we manually added two branches of Late Cretaceous and Middle Eocene Paliurus fossils and their distributions to our dated phylogenetic tree (newick chronogram) obtained from BEAST. Both branches were manually placed along the branch of the stem-lineage of extant Paliurus species according to their ages. The two Eocene P. clarnensis and P. favonii were attributed to one branch, since they may have the same age (Han & al., 2016) , whereas the Late Cretaceous fossil was placed to another branch. In addition, each fossil was given either a long branch length, simulating This is a preliminary version that will no longer be available online once replaced by the final version. a range occupied for a long time (the taxon is still extant until today), or a short branch (1 Ma), simulating an extinct range (the taxon is extinct in a short time) (Nauheimer & al., 2012) .
The biogeographical history of Paliurus was then reconstructed using dispersal-vicariance analysis (DIVA) (Ronquist, 1997) and the maximum likelihood DEC (dispersal-extinction-cladogenesis) model in LAGRANGE v.20130526 (Ree & al., 2005; Ree & Smith, 2008) including only Paliurus and Old World Ziziphus. Biogeographical analyses were also performed without fossil information. For both DIVA and DEC, we designated six areas: East Asia (A), Mediterranean (B), North America (C), Indian subcontinent (D), Southeast Asia (E), and Africa (F), based on the geographical distributions of Paliurus and the Old World Ziziphus species. In DEC analysis, dispersal probabilities between all biogeographical areas through time were set as equal, with no constraints between regions, and all possible area combinations with a maximum of two simultaneous areas were permitted.
RESULTS
Topologies derived from separate analyses of nuclear markers and plastid markers did not conflict but generated unresolved trees (see related results in Figs. S1 & S2) . Thus, we combined data from both sets of markers to reconstruct phylogenetic relationships of Paliurus. The topologies obtained from MP and Bayesian analysis also showed no significant conflicts, but differed in resolution. A minor difference between the analyses was that the three species of the Paliurus spina-christi Mill. group formed a trichotomy in the parsimony analysis, but a dichotomy in Bayesian inference (Fig. 2) . Although the MP analysis failed to reconstruct fully resolved topologies in many parts, both analyses strongly supported the conclusion that Paliurus is a monophyletic taxon (BS = 100, PP = 1.00; Fig. 2 ) with two groups: the P. spina-christi and P. ramosissimus (Loir.) Poir. groups, as suggested by previous studies (Chen & Schirarend, 2007; Burge & Manchester, 2008) . The former includes the Mediterranean P. spina-christi and two species found in China: P. orientalis Hemsl. and P. hemsleyanus Rehder ex Schirarend & Olabi (Fig. 2) . The Paliurus ramosissimus group includes P. ramosissimus, which occurs in China, Japan and Korea, and P. hirsutus Hemsl., which occurs in China (Fig. 2) .
The crown age of Paliurus was estimated at 32 Ma with a 95% highest posterior density (HPD) of 24-41 Ma, and the divergence time between the East Asian and Mediterranean taxa of the P. spina-christi group was estimated at 18 Ma (with 95% HPD of 14-26 Ma), spanning a period from the Late Oligocene to the Middle Miocene ( Fig. 3 ; Table 1 ).
The inclusion of fossil information in the biogeographical analyses strongly influenced inferences of ancestral areas of early-diverging lineages and nodes close to fossils. Without fossil information, the DIVA analysis suggested that the genus might have originated in East Asia ( Fig. 4; Table 1 ) and the DEC analysis indicated that it might have originated in either East Asia or the Mediterranean region, with likelihood probabilities of 0.19 and 0.38, respectively ( Fig. 4; Table 1 ). In contrast, with fossil information included, the DIVA analysis indicated that the genus originated in East Asia together with India ( Fig. 4 ; Table 1 ). However, the DEC analysis indicated that it originated in India (0.20) or East Asia together with India (0.48) (when the fossils were placed on a short branch), East Asia (0.24) or East Asia together with India (0.18) (when the fossils were placed on a long branch) ( Fig. 4; Table 1 ).
DISCUSSION
Phylogenetic relationships. -Our phylogenetic reconstruction based on the combined analysis of nuclear and plastid markers corroborated the monophyly of Paliurus inferred in previous morphological research (Schirarend & Olabi, 1994) . The genus can be divided into two groups (the P. spina-christi and P. ramosissimus groups), as shown in the phylogenetic tree (Fig. 2) . These two groups can be discriminated on the basis of differences in the morphological characters of fruits and pollen. Species in the P. spina-christi group have large disc-shaped drupes with a broad, papery, medially inserted wing, whereas species of the P. ramosissimus group have smaller cup-shaped fruits with a narrower and thicker, apically inserted wing (Fig. 2) . Evidence from pollen analysis also suggests this division (Schirarend, 1996) . Pollen grains of the Mediterranean P. spina-christi and the Chinese P. hemsleyanus and P. orientalis have similar characters (Lasiodiscus Hook.f.-type pollen), while those of P. ramosissimus and P. hirsutus have a different morphology (Sageretia Brongn.-type pollen).
The "Out-of-India" hypothesis for the origin of Paliurus. -Fossils are crucial for reconstructing ancestral areas, especially when their distributions do not overlap with contemporary ranges (Wood & al., 2013; Meseguer & al., 2015) . In the case of Paliurus the use of fossils has a strong impact on the reconstruction of its biogeographical history in agreement with previous studies (Xiang & al., 2006; Nauheimer & al., 2012; Wood & al., 2013) . The biogeographical reconstruction with or without fossil information result in different inferences of ancestral area of the stem group but give similar results for the origin of the crown group in present study ( Fig. 4; Table 1 ). Meanwhile, the impact of different branch lengths of fossil (short branch or long branch as described above) to the ancestral area reconstructiuon is slight in our present analysis which is different from Nauheimer & al. (2012) . In contrast, the biogeographical reconstructions without fossils ( Fig. 4 ; Table 1) are not in agreement with the fossil record, hence, the following discussion is based on our ancestral area reconstructions including incorporation of fossil information.
Our biogeographical analysis with fossil information suggested that the most probable ancestral area was East Asia, India, or East Asia together with the Indian subcontinent ( Fig. 4; Table 1 ). Though the biogeographical analyses do not unambiguously indicate the ancestral area, the available evidence tends to support India as the most likely candidate, based on (1) the oldest fossil of the genus was recovered from India (Manchester & Kapgate, 2014) ; (2) the oldest fossil has been dated to the late Maastrichtian, when the Indian subcontinent was still isolated from other parts of Gondwana and had no direct connection with Laurasia at that time and (3) India was estimated as one of the multiple possible geographical origins (India, East Asia, or India together with East Asia), though the likelihood value was rather low for independent India origin (value = 0.2 or 1.8 in different analyses) ( Fig. 4; Table 1 ). All these evidence clearly implies that the ancestral lineage of this genus was either confined solely to the Indian subcontinent or also present in other parts of the Southern Hemisphere. A previous fossil-based investigation suggested that the genus might have originated in North America in the Middle Eocene (~44 Ma) (Burge & Manchester, 2008) . However, results of all of our analyses conflict with the hypothesis that the genus originated there, and the close relationship between Paliurus and Old World Ziziphus appears to favor an Old World origin Node labels and ancestral areas refer to Fig. 4 . HPD: highest posterior density date range; RP: relative probability. The bar separating area codes in DEC analyses indicates the split of the ancestral distribution between the two descendant lineages.
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This is a preliminary version that will no longer be available online once replaced by the final version. -7 Feb 2017: 13 pp. for Paliurus (Islam & Simmons, 2006) . Moreover, recently discovered fossil fruits of the genus found in south China and dated to the Middle Eocene suggest that North America was not the only region to host Paliurus at that time (Han & al., 2016) .
TAXON
Our conclusion is also consistent with suggestions that the collision between India and Eurasia promoted exchange of flora and fauna between Laurasia and Gondwana (Briggs, 2003) . Some authors have argued that this scenario may explain the distribution of Asian Dipterocarpaceae (Ducousso & al., 2004; Dutta & al., 2011) and Crypteroniaceae (Conti & al., 2002) . It has been proposed that these taxa originated in Gondwana and were subsequently "ferried" to Asia on the "raft" of India. The evidence regarding Paliurus supports this hypothesis; it may have migrated to East Asia after the suturing of India and Eurasia following formation of the initial connection around 55 Ma (Fig. 5) . A winged fruit similar to Paliurus fruits has also been found in Maastrichtian deposits of northern South America (Correa & al., 2010) . This Colombian fossil fruit is known only from a single impression specimen, in which internal anatomy is not preserved, but it may represent Paliureae or a close relative of this tribe, which would support a Gondwanan origin of the genus, but not a South American origin as close relatives of Paliurus are only distributed in the Old World. Today, there is no extant Paliurus in India, suggesting that ancestral lineages of Paliurus subsequently became extinct in India. This may be the result of climate change in the Deccan region of India during the Paleocene (Raven & Axelrod, 1974; Conti & al., 2002) , since there is no apparent fossil record of Paliurus in India from any geological time other than the late Cretaceous.
Some studies have also suggested that biotic exchange between India and Asia may not have required direct contact between the two landmasses (Chatterjee & Scotese, 1999 . Instead, it may have occurred via African-Arabian connections between India and Eurasia (Greater Somalia or the OmanKohistan-Dras Island Arc) during the K / P Boundary. However, this hypothesis is not consistent with the lack of Paliurus fossils in Africa and the phylogenetic position of Mediterranean Paliurus (Fig. 2) , which implies that the Mediterranean species derived from East Asia. These considerations support the hypothesis presented here that Paliurus entered Asia directly from the Indian subcontinent.
The early dispersal of Paliurus in the Northern Hemisphere. -After colonizing East Asia, Paliurus probably migrated to other parts of the Northern Hemisphere. Our biogeographical analyses suggest that the genus dispersed from East Asia to North America and the Mediterranean region ( Fig. 4; Table 1 ). During the early Cenozoic, the climate of the Northern Hemisphere was quite equable, with higher than current temperatures and abundant precipitation (Wolfe, 1980) . These equable conditions presumably facilitated migration of plants via both the BLB (from the Palaeocene to the Pliocene until it broke up from 4.8 to 5.5 Ma) and NALB (from the Palaeocene to early Eocene) land bridges (Tiffney, 1985a, b; Wen, 1999; Tiffney & Manchester, 2001; Marincovich & Gladenkov, 2001; Milne & Abbott, 2002; Ickert-Bond & al., 2009) . Paliurus may have migrated to North America from Asia by either of these land bridges, but the BLB (during the Eocene) is the likeliest route according to our analyses, as also suggested by previous studies. These studies indicated that the BLB acted as a major migration corridor, promoting exchange of not only Paliurus but also Acer L., Amersinia Manchester, Crane & Golovnev, Davidia Baill., Dipteronia Oliv., Eucommia Oliv., Limnobiophyllum, Macginitiea Manchester, Quereuxia Kryshtofovich ex Nevolina, and Trochodendron Siebold & Zucc. between North America and East Asia (Manchester, 1999; Grímsson & al., 2014) . The occurrence of Paliurus fossils in China and North America dating back to the same geological time (the Eocene) and the age of the oldest European Paliurus fossils (dating to the Oligocene, after subsidence of the NALB) also support our hypothesis.
Our results also suggest that Paliurus dispersed to the Mediterranean region from East Asia, but not until the Oligocene, after disappearance of the epicontinental Turgai Strait (Milne & Abbott, 2002) which formed a persistent barrier to plant migration within Eurasia from the Palaeocene to the Early Middle Eocene. Ancestors of Mediterranean Paliurus might have migrated from East Asia to Europe following the retreat of the Turgai Strait in the Oligocene (Fig. 5) , in a manner similar to Rhus (Anacardiaceae), according to Yi & al. (2004) . Furthermore, findings of Paliurus fossils in Europe and Central Asia of very similar dates in the Late Oligocene and Early Miocene suggest that it had a continuous distribution in the Eurasian continent after this putative dispersal (Burge & Manchester, 2008) (Fig. 5) .
Formation of the East Asian and Mediterranean disjunction in Paliurus. -The East Asian and Mediterranean disjunction has attracted far less attention from botanists than other disjunctions in the Northern Hemisphere (Sun, 2002; Wu, 2004) . A widely accepted explanation for the disjunction is vicariance triggered by uplift of the Qinghai-Tibet Plateau (QTP), mainly in the Miocene (Harrison & al., 1992; Sun & al., 2001 , Sun, 2002 Qiao, 2007; Tu & al., 2010) . The divergence time between the East Asian and Mediterranean species of Paliurus inferred from our analyses was 18 Ma ( Fig. 3; Table 1 ). This is consistent with estimates reported for other taxa putatively affected by the QTP uplift. Although there are some debates about the correct time of the uplift of QTP (Renner, 2016) , the uplift had dramatic effects, changing not only the topography and drainage system of the region (Clark & al., 2004) , but also the climate of this region and the rest of the world (Guo & al., 2002 (Guo & al., , 2008 . Environmental changes caused by the uplift had a major impact on the distribution of plants (Chang, 1983) . High mountains and deep valleys created by the uplift could have accelerated allopatric speciation and generated many endemic species in this area (Liu & al., 2006; Zhang & al., 2011) . In addition, it is known to have triggered the formation of disjunct distributions in various plant groups, such as Helleborus L. (Ranunculaceae) (Sun & al., 2001) , Cedrus Trew (Pinaceae) (Qiao & al., 2007) and Mandragora L. (Solanaceae) (Tu & al., 2010) . Our dating analysis revealed that the Early Miocene (~18 Ma) was also a critical period for Paliurus, presumably driving fragmentation of its previously continuous distribution.
It is likely that the high mountains and deep valleys created by
This is a preliminary version that will no longer be available online once replaced by the final version. -7 Feb 2017: 13 pp. the uplift (Li & al., 1995) and aridification (Guo & al., 2002) in Central Asia generated major barriers to plant dispersal (Axelrod & al., 1998; Sun, 2002) .
TAXON
It should be noted that several recent studies have suggested that long-distance dispersal may have played important roles in certain intercontinental disjunctions (Nie & al., 2005; Popp & al., 2011) . Furthermore, long-distance dispersal could potentially have caused the disjunct distribution of Paliurus, because the species' winged drupes may be dispersed by wind (Dong & al., 2015) . However, long-distance dispersal need not be highly correlated with the morphology of diaspores (Higgins & al., 2003; Thomas & al., 2015) . Furthermore, the dispersal distance This is a preliminary version that will no longer be available online once replaced by the final version. -7 Feb 2017: 13 pp. of diaspores is limited by the height of plants ( Thomson & al., 2011) . As species of Paliurus are shrubs and small trees, long-distance dispersal of the genus by this mechanism seems unlikely (Dong & al., 2015) . Thus, vicariant fragmentation driven by uplift of the QTP seems the likeliest explanation of the present disjunction. Ecological evolution. -The fossil distribution of Paliurus suggests that this genus had a continuous distribution across the Northern Hemisphere during the Neogene. Extant species of Paliurus are limited to two separate areas with different habitats: the moist, equable, temperate to subtropical climate region of East Asia (Burge & Manchester, 2008) and the Mediterranean with a summer-dry, winter-wet climate. This difference in habitat of modern Paliurus species may be associated with previous climatic changes in the Northern Hemisphere. The ancestor of Paliurus may have been an evergreen taxon (Tang, 2000) , forming part of the mesophytic forest that first developed in India or other parts of Gondwana and migrated to Laurasia following the collision between India and Eurasia, aided by land bridges and the widespread equable climates of the Palaeogene (Milne & Abbott, 2002) . Species formerly distributed in India may have subsequently become extinct due to climate change during the Early Palaeogene, but the genus may have colonized and occupied broad areas in other parts of the Northern Hemisphere (Fig. 5) . However, Paliurus eventually became extinct in North America and Central Asia as the global climate became drier and cooler following the Miocene (Wolfe, 1980; Tiffney, 1985a, b) . Meanwhile, other species distributed in the Mediterranean region and East Asia evolved different adaptive mechanisms after the vicariance event due to QTP uplift. It is thought that species distributed in the Mediterranean area gradually turned into deciduous shrubs that formed thorny thickets, as an adaptation to the Mediterranean climate (Tang, 2000) . In contrast, most species that lived in temperate East Asia retained the evergreen character of their ancestors and adapted to the East Asian monsoon climate, thereby forming the modern distribution pattern. 

